We examine the possibility that dark matter consists of charged massive particles (CHAMPs) in view of the cosmic microwave background (CMB) anisotropies. The evolution of cosmological perturbations of CHAMP with other components is followed in a self-consistent manner, without assuming that CHAMP and baryons are tightly coupled. We incorporate for the first time the "kinetic re-coupling" of the Coulomb scattering, which is characteristic of heavy CHAMPs. By a direct comparison of the predicted CMB temperature/polarization auto-correlations in CHAMP models and the observed spectra in the Planck mission, we show that CHAMPs leave sizable effects on them if they are lighter than 10 11 GeV. Our result can be applicable to any CHAMP as long as its lifetime is much longer than the cosmic time at the recombination (∼ 4×10 5 yr). An application to millicharged particles is also discussed.
I. INTRODUCTION
It appears unreasonable at the first look that dark matter (DM) consists of charged massive particles (CHAMPs). The possibility has not been completely ruled out after intensive works [1] [2] [3] [4] . If CHAMP is (quasi-)stable over the age of the Universe (τ Ch 10 10 yr), the stringent constraints are derived from multiple terrestrial efforts. One is a search of heavy isotopes in deep sea water (see [2, 5] and references therein), from which one obtains that the mass of CHAMP is required to be m Ch 10
8 GeV provided the relic density of CHAMP accounts for that of DM: Ω Ch ≃ Ω DM . Others seek energy deposition in detectors from DM scatterings. Even a conservative lower bound on the CHAMP mass is as strong as m Ch 10
11 GeV not to leave a significant number of events in cosmic-ray detectors (see [2] and references therein).
Such terrestrial experiments implicitly assume that DM particles are incoming to us with an expected rate. This assumption, however, may be vulnerable to the existence of the Galactic magnetic field [6] . It may expel CHAMPs from the the Galactic disk via the Fermi acceleration mechanism and prohibit CHAMPs from re-entering the Galactic disk due to a small gyroradius, opening up a CHAMP mass window of 10 5 GeV m Ch 10 11 GeV. The same consideration in galaxy clusters potentially provide a stringent lower bound on the CHAMP mass (m Ch 10
14 GeV) not to smear the DM density profile [7] . The thermal relic abundance of heavy CHAMP (m Ch 2 × 10 5 GeV) is much larger than the critical density and thus overcloses the Universe [1, 2, 8] . However, they are still interesting once nonthermal production mechanisms are addressed (see, e.g., [9] ). This is reasonable because heavy CHAMPs can be thermally produced only if the reheating temperature of the Universe is as high as T RH m Ch .
If CHAMP decays into a neutral particle that accounts for DM at present, the stringent terrestrial constraints are not applicable. On the other hand, decaying CHAMPs are still constrained by the catalyzed big bang nucleosynthesis (CBBN) [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and the suppression of structure formation [21] [22] [23] [24] , depending on their lifetimes.
In this paper, we consider that DM consists solely of heavy CHAMPs (m Ch 10 8 GeV) at shortest until the recombination of the Universe. Thus, our results can be applicable as long as the lifetime of CHAMP is longer than the cosmic time of the recombination (τ Ch 4 × 10 5 yr), while the terrestrial experiments assume τ Ch 10 10 yr. The electric charge of CHAMP is assumed to be the same as proton (p + ). This is because even if elementary CHAMP is negatively charged, it forms a positively charged bound state with a He 2+ well before the recombination, T ∼ 10 keV [23] . Positively charged CHAMP becomes neutral finally by forming a bound state with an electron (e − ) at the recombination like proton. Here is a difference if we consider millicharged particles (see [25] for references). Millicharged particles are not neutralized at any time. However, our discussion and calculation for CHAMP are not changed essentially even for millicharged particles as we will see below.
The Compton scattering with photon is subdominant because the cross section is suppressed by 1/m 2 Ch . Before the recombination, however, CHAMPs are subject to the photon pressure through the Coulomb scattering with baryons. The photon pressure disturbs CHAMP falling into the primordial gravitational potential. The gravitational potentials undergo damped oscillations in CHAMP models unlike the standard cold dark matter (CDM) model. There have been some analytical estimations of effects of CHAMP on the cosmic microwave background (CMB) anisotropies [1, 4, 26] . In this paper, we examine effects of the DM charge on the CMB anisotropies, especially temperature/polarization auto-correlations (T T /EE-power spectra) numerically. By calculating the T T /EE-power spectra, we find that one can infer how stringent constraint on the CHAMP mass can be derived, in principle, from the precise measurements of the CMB anisotropies.
Our treatment of the collision term is based on the recent development (paper I [27] ). As a consequence of the long-range nature of the Coulomb force, the interaction rate per Hubble time increases with the cosmic time to become unity before the recombination depending on the CHAMP mass. We will call this "kinetic re-coupling" in contrast to the usual kinetic decoupling of DM. It is not clear that the recent intensive works [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] on DM interactions with baryons, photon, and neutrinos can be directly applied to such a kinetic re-coupling case. This is because they assume that the interaction rate per Hubble time decreases with the cosmic time and they usually put a constraint on the cross section. In the CHAMP case, however, the cross section of the Coulomb interaction is ill-defined as well known. Our study is also complementary with the previous works [41, 42] , where the mass fraction of electroweak-scale CHAMP is studied and constrained numerically by assuming the interaction rate per Hubble time is well larger than unity throughout the cosmic time.
The organization of this paper is as follows. In the next section, we calculate the momentum transfer rate, which is important in the evolution of cosmological perturbations of CHAMP. In section III, we follow the co-evolution of cosmological perturbations of CHAMP, baryons, photon, neutrinos, and the gravitational potentials by numerical calculations. We show the resultant T T /EE-power spectra in CHAMP models. We conclude this paper in section IV. We adopt the cosmological parameters listed as "Planck TT+lowP" in [43] throughout this paper.
II. MOMENTUM TRANSFER RATE
In this paper, we adopt the treatment of the collision term developed in paper I [27] . There it is assumed that the momentum transfer per collision is smaller than the typical DM momentum. This is validated as long as the CHAMP mass is much larger than any other relevant energy scale. We can see it in the following way. In the CHAMP case, the momentum transfer per collision is ∼ T b or ∼ √ T b m b depending on if baryons are relativistic or nonrelativistic. Here T b is the temperature of baryons (subscript b) and m b collectively denotes the mass of baryons. The typical CHAMP momentum is ∼ √ T Ch m Ch where T Ch is the temperature of CHAMP and equal to T b as long as the Coulomb scattering is effective. We consider that the baryon temperature is smaller than ∼ 0.1 MeV and the CHAMP mass is ∼ 10 8 GeV or more. Thus the momentum transfer per collision is smaller than the typical CHAMP momentum.
The collision term is expanded up to the second order in terms of the momentum transfer. The Fokker-Planck equation of DM is derived and its perturbation theory is developed in paper I [27] . The overall factor in the collision term of the Fokker-Planck equation, the momentum transfer rate, contains all the microscopic details of collisions. The expansion is not systematic and includes a certain resummation of higher order terms. This results in averaging over the momentum transfer in the momentum transfer rate.
The momentum transfer rate is given by
where s b is the spin sum of baryons, (E b , p b ) the four momentum of baryons at the local inertia frame, f eq b the thermal distribution per spin of baryons, dσ/dt the differential cross section, v the relative velocity, and t the momentum transfer squared (the Mandelstam variable). Here we take the nonrelativistic limit of CHAMP because we are interested in heavy CHAMP so that its mass is much larger than any other relevant energy scale. For the Coulomb scattering between CHAMP and baryons, the invariant amplitude squared averaged over the initial state spins is given by
with the fine structure constant (α ≃ 1/137) and the electric charge of baryons in units of the proton charge (Z b ). With this, the transfer rate is reduced to
In evaluating the t-integral, we encounter a divergence at t = 0. This is due to the longrange nature of the Coulomb force. We regularize the Coulomb divergence by taking into account the Debye screening. To this end, we replace the upper limit of the integral with the Debye screening scale,
The leading term of the momentum transfer rate is given by
where the last logarithm is often called the Coulomb logarithm.
From the above expressions, we can find that before the e + e − annihilation, e +/− make the dominant contributions such that k D ∝ T b and γ ∝ T figure 1 , we plot numerical results of the evolution of γ/H (H is the Hubble expansion rate) as a function of the scale factor (a normalized such that a = 1 at present). We can clearly see two sudden drops around a ∼ 10 −8 and a ∼ 10 −3 . The former corresponds to the e + e − annihilation, while the latter to the recombination. Before the e + e − annihilation, γ/H is constant because γ ∝ T one from the sea water, but also applicable to decaying CHAMP as long as τ Ch 4 × 10 5 yr. Meanwhile, the Coulomb interaction of heavier CHAMP decouples (γ/H drops below unity) just after the e + e − annihilation. Interestingly, it re-couples (γ/H increases to about unity) again as the temperature of the Universe decreases. This is due to the long-range nature of the Coulomb force. |M| 2 in eq. (2) is larger for a smaller t. The invariant momentum transfer squared (t) is roughly ∼ m b T after the e + e − annihilation. Thus |M| 2 increases as the cosmic temperature cools down.
In figure 1 , we show the evolution of γ/H only for the region with a < 10 −2 . In fact, since the ionization fraction rapidly increases to unity around the time of reionization, γ/H also rises abruptly at a ∼ a reion , with a reion being the scale factor at the reionization. Depending on the CHAMP mass, it can be bigger than unity again. However, as long as we consider heavy CHAMP, such an increase in γ/H for a > a reion does not affect the CMB anisotropies because, with a heavy CHAMP mass, its number density is too small to affect the reionization optical depth.
Finally let us comment on the Compton scattering between CHAMP and photon. Our calculation shows that γ/H drops below unity when T ≃ 20 TeV(m Ch /10 8 GeV) 3/2 /ǫ 2 . Here we express the CHAMP charge in units of the proton charge for reference (ǫ). The Compton scattering decouples in the very early Universe because the cross section is suppressed by 1/m
III. CMB TEMPERATURE AUTO-CORRELATION
Now we follow the evolution of cosmological perturbations of CHAMP, which are governed by (see paper I [27] 
where a dot denotes the derivative with respect to the conformal time (τ ), δ Ch the density perturbation of CHAMP, θ Ch (θ b ) the bulk velocity of CHAMP (baryon) fluid, and h the gravitational potential in the synchronous gauge [44] . 1 Here we take the Fourier space with the norm of the wavenumber being k. The sound speed squared of CHAMP is given by
while the evolution of the CHAMP temperature is described by
Hereafter we assume that cosmological perturbations of CHAMP can be well described by the perfect fluid, which is a good approximation as long as the free-streaming length of CHAMP is well smaller than the cosmic scales of interest. We evaluate the freestreaming scale by the comoving Jeans scale at the matter radiation equality [24] to find
, below which we can ignore the free-streaming of CHAMP.
We modify the public code CAMB [45] suitably to follow the co-evolution of cosmological perturbations of CHAMP, baryons, photon, neutrinos, and the gravitational potentials. In figure 2 (top panel), we show the resultant linear matter power spectra extrapolated to z = 0. We can see two oscillatory features of the spectra around k ∼ 10 3 h/Mpc and k ∼ 10 −1 h/Mpc. The former corresponds to the kinetic decoupling of the Coulomb scatterings around the e + e − annihilation (a ∼ 10 −8 ). The bottom panel of figure 2 shows the differences between CHAMP models and the standard CDM models. The matter power in CHAMP models at the oscillatory peaks (k ∼ 10 3 h/Mpc) is larger than the one in the standard CDM. This is due to the suddenness of the kinetic decoupling as seen in figure 1 .
The cosmological perturbations of CHAMP entering the horizon before the kinetic decoupling start to oscillate with those of photon and baryons. When CHAMP decouples from baryons suddenly with a maximum bulk velocity of oscillation (when density perturbation takes a zero value), the density perturbations start to be compressed without the photon pressure. The resultant density perturbations overshoot (become larger than) the oscillation amplitude of density perturbations of photon and baryons. Such overshooting, however, does not occur if the kinetic decoupling proceeds more gradually. We have checked this behavior by setting γ by hand to be d ln γ/dτ → d ln γ/dτ × 2 around γ/H = 1. It is 1 One may wonder how we deal with the residual gauge degrees of freedom in the synchronous gauge because eq. (7) does not allow us to fix them by taking θ Ch = 0, which is a conventional choice in the standard CDM model. We fix the residual gauge degrees of freedom by considering only the physical (adiabatic) mode as an initial condition. This point will be discussed in detail in the appendix.
found that the matter power at peaks becomes smaller than the one in the standard CDM and the overshooting does not occur in a slow decoupling.
The oscillatory feature around k ∼ 10 −1 h/Mpc is due to the kinetic re-coupling around the matter radiation equality (a ∼ 10 −4 ), which can be seen in figure 1 . Afterwards, the subhorizon perturbations undergo damped oscillations around the potential minimum. While the matter power spectrum in the CHAMP model with m Ch = 10
11 GeV shows slight suppression around k ∼ 10 −1 h/Mpc, the one with m Ch = 10 12 GeV is quite close to the matter power spectrum in the standard CDM model except for the oscillatory feature at smaller length scales (k ∼ 10 3 h/Mpc). This oscillatory feature disappears if CHAMP is as heavy as m Ch > 10 16 GeV. Precise measurements of the baryon acoustic oscillations may constrain CHAMP models severely. To show their potential, in figure 3 we compare the differences between CHAMP models and the standard CDM model shown in the bottom panel of figure 2 with the relative "errors" (strictly speaking, the square roots of the diagonal elements of the covariance matrix) of the baryon acoustic oscillations in the clustering of galaxies from the Baryon Oscillation Spectroscopic Survey (BOSS), which is part of the Sloan Digital Sky Survey III [46] . The differences in the CHAMP model with m Ch = 10 10 and 10 11 GeV are much larger than the errors. They appear disfavored by the observations. Note, however, that a direct comparison between the predicted differences and the observational "errors" should be done with some caution. This is because we need to introduce additional model parameters such as a galaxy bias to compare the model prediction to the data. The vertical offset in figure 3 , for example, may be easily compensated by a choice of these parameters. To conclude that the CHAMP model with m Ch = 10 12 GeV is disfavored by the observations, we need to perform the fully detailed analysis, which is beyond the scope of this paper.
Next we discuss the effects of CHAMP on the CMB anisotropies. We utilize the modified version of CAMB to predict the T T /EE-power spectra in CHAMP models. We take account of the evolution of γ throughout the cosmic time, including its change after the reionization, however, as mentioned in the previous section, the rise in γ/H for a > a reion does not affect the CMB anisotropies. In figure 4 , we show the resultant T T -power spectra. There are mainly two effects of CHAMP on the T T -power spectrum: the enhancement of the even (second, fourth, . . . ) peaks and the suppression of the odd (third, fifth, . . . ) peaks; the enhancement of the first peak. The both originate from the decay of the gravitational potential, through different mechanisms. The mechanisms are known as the baryon drag and the early integrated Sachs-Wolfe (ISW), respectively, in the standard CDM model (see [47, 48] for a comprehensive review).
First let us briefly review these mechanisms in the standard CDM model. We then describe the differences in CHAMP models. In the standard CDM model, photon and baryons are compressed along the gravitational potential that is sustained by DM, which is called slow mode in contrast to fast/oscillatory mode, i.e., baryon acoustic oscillation. The compression leads to the offset of the baryon acoustic oscillation to enhance odd peaks relative to even peaks. This is called the baryon drag. Next, let us explain the early ISW effect. Suppose that a photon is propagating along the gravitational potential. The photon gains energy when it moves to the bottom of the gravitational potential, while loses energy when it moves out of the potential. Though the net energy gain is zero if the gravitational potential is static, the net energy gain is positive if the gravitational potential is decaying. Actually, the gravitational potential is decaying during the radiation dominated era, while constant during the matter dominated era. It may appear that all the photon temperature perturbations that are subhorizon around the matter-radiation equality obtain the positive contribution through the early ISW effect. Here, however, be reminded that a photon can propagate freely only around and after the recombination, before which the optical depth is huge. It follows that the early ISW effect is efficient only around the recombination, when the gravitational potential of subhorizon modes is already damped. The modes just entering horizon around the recombination, i.e., multipoles around the first peak of T Tpower spectrum, are subject to the early ISW effect. In the CHAMP case, CHAMP oscillates with baryons through the efficient Coulomb scatterings and do not sustain the gravitational potential unlike the standard CDM. This results in a smaller offset of the baryon acoustic oscillation and thus the enhancement of the even peaks and the suppression of the odd peaks in CHAMP models when compared to the standard CDM model. The decay of the gravitational potential is more drastic and rapid in CHAMP models. This enhances the early ISW effect, to which the first peak of the T T -power spectrum is subject.
In figure 5 , we show the resultant EE-power spectra. To understand the effects of CHAMP on the EE-power spectra, we consider the anisotropic stress (quadrupole) of photon, which are converted to the polarization through the Thomson scattering. In the leading order of the tight-coupling approximation, it is found that the anisotropic stress is developed around the recombination by the bulk velocity of photon and baryons and the decay of the gravitational potential in the synchronous gauge (specifically see eq. (73) in [44] ). If figure 2 , but zooming in on the baryon acoustic oscillations. We also show the relative "errors" in the BOSS DR11 data ("post-recon") [46] for reference. Note that the vertical offset may be compensated by a choice of the template model parameters such as a galaxy bias, which are varied when the template model is fit to the data (see [46] for details).
CHAMP is tightly coupled with baryons, it can be regarded as an increase of "baryon" mass density. Thus, in CHAMP models, the baryon mass density dominates the energy density of the photon-baryon plasma earlier than in the standard CDM model, after which the amplitude of baryon acoustic oscillation starts to decay. Thus the bulk velocity of photon and baryons is smaller in CHAMP models than that in the standard CDM model. Meanwhile, the decay of the gravitational potential is more drastic in CHAMP models as stressed when discussing the early ISW effect. Though the two processes cause opposite effects, we checked that the change of the bulk velocity is less important than that induced by the decay of the gravitational potential. As a result, the EE-power spectrum is enhanced in CHAMP models as seen in figure 5 .
We can compare the predicted T T /EE-power spectra in CHAMP models with the observed ones in the Planck mission ("Planck 2015") [43] . The overprediction of the first and the second peaks in the lighter CHAMP model with m Ch = 10 10 GeV is significant and far beyond the errors in Planck 2015. The heavier CHAMP model with m Ch = 10
12 GeV does not show significant deviation from the standard CDM model in the T T /EE-power spectrum, while the middle (m Ch = 10
11 GeV) leaves a slight enhancement of the first peak only in the EE-power spectrum. If CHAMP is tightly coupled with baryons throughout the cosmic time, all the peaks are affected. On other hand, in the case of heavy CHAMP, the coupling becomes tight only at a late time, which is called kinetic re-coupling repeatedly in this paper, and only the first peak is affected. Actually, we need to disentangle the effects of CHAMP and the other cosmological parameters to obtain a robust and precise constraint on the CHAMP mass. We can, however, infer that the lower bound of the CHAMP mass from the full analysis can be as large as m Ch > 10 11 GeV. Before concluding this section, we discuss the implications of our results to millicharged particles. Millicharged particles are not neutralized at any time as mentioned in section I. Millicharged particles, however, can not find a charged particle to scatter with as long as its number density is quite small, i.e., its mass is quite heavy with the mass density being fixed. This is because baryons are neutral after the recombination. Thus, our results may be applicable to millicharged particles by a simple scaling of γ/H ∝ ǫ 2 /m Ch . The bound on the CHAMP mass, m Ch > 10 11 GeV, could imply that the one for millicharged particles is m Ch /ǫ 2 > 10 11 GeV. We locate this in the existing constraints and summarize them in figure 6.
IV. CONCLUSION
We examined the effects of the electric charge of DM on the CMB anisotropies. Our assumption is that the CHAMP lifetime is longer than the cosmic time at the recombination. With a help of the recently developed simple treatment of the collision term, we followed the evolution of cosmological perturbations of CHAMP. A key input in the collision term is the momentum transfer rate of the Coulomb scattering. We gave a detailed discussion about how to evaluate and interpret it. Due to its long-range nature, the scattering rate per Hubble time increases with the cosmic time to lead to a kinetic re-coupling. By a direct numerical calculation, we followed the co-evolution of cosmological perturbations of CHAMP, baryons, photon, neutrinos, and the gravitational potentials. We have not assumed that CHAMP and baryons are tightly coupled throughout the cosmic time, while the previous works do. We found that CHAMP affects the T T -power spectrum through the suppression of slow modes and the enhancement of the early ISW effect. We compared the T T /EE-power spectra in CHAMP models with the observed ones in the Planck mission. We inferred that the CMB constraint on the mass of electrically charged DM can be as large as m Ch > 10 11 GeV.
ACKNOWLEDGMENTS
This work is partially supported by JSPS KAKENHI Grant Numbers 26247042 (KK), 15K05084 (TT), 25287050, and 25610050 (NY) and MEXT KAKENHI Grant Numbers 15H05889, 16H00877 (KK), and 15H05888 (TT). NY also acknowledges the financial supports from JST CREST.
APPENDIX: RESIDUAL GAUGE DEGREES OF FREEDOM IN THE SYN-CHRONOUS GAUGE
Some gauge degrees of freedom reside in the synchronous gauge, corresponding to a timeindependent shift of the time and the space:
Summary of constraints on millicharged particles in the mass-charge plane. The direct detection constraint like the Large Underground Xenon (LUX) experiment [49] put an upper bound on the charge, while millicharged particles with a larger charge lose their energy in the atmosphere [2] and thus are not subject to the constraint. In summary, the direct detection constraint excludes only the shaded region. The Galactic magnetic field may reduce the number density of millicharged particles in the Galactic disk to open a larger window [6] . It may also relax the severe constraints from a search of heavy isotopes in deep sea water [2, 5] and cosmic-ray detectors (Pioneer 11) [2] . These two constraints and that from the CBBN [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] are originally given in CHAMP models and their extensions to millicharged particles are nontrivial. Hence we show their constraints just on the axis of ǫ = 1. Millicharged particles lose their energy through the scatterings with electrons in the hot-ionized component of the disk inter-stellar medium and may not maintain a halo [2] . A severe constraint is suggested from the observation that a random walk of millicharged massive particles in the galaxy cluster magnetic field may smear the DM profile [7] . The constraints are applicable if millicharged particles are (quasi-)stable over the age of the Universe (τ Ch 10 10 yr) unless denoted explicitly. The constrains from the CBBN and the CMB anisotropies (this work) are applicable even if millicharged particles are unstable (τ Ch 30 hr and 4 × 10 5 yr, repsectively) but its mass density before the decay is identical to that of DM.
Under this gauge transformation the perturbations transform as
From the above expression we can see that the pure gauge modes go like
outside the horizon in the radiation dominated era. Here we take the Fourier space and usė ρ + 3aH(1 + ω)ρ = 0. Note that A = 2k 2β and B = −6Hα(kτ ) 2 are dimensionless constants in time because H ∝ 1/τ 2 in the radiation dominated era. By analyzing the Einstein equations, we can show that there are four independent superhorizon modes in the radiation dominated era [44, 50] :
where δ r is the density perturbation of the radiation that dominates the energy density of the Universe. As we can see by comparing eqs. (12) and (13), the A-and B-modes are just gauge degrees of freedom. Therefore when we use only the physical C-and D-modes to set the initial condition, we implicitly exhaust the residual gauge degrees of freedom [50] . We drop simply the D-mode, because this mode grows more slowly than the C-mode. Actually the D-mode is decaying in the conformal Newtonian gauge [44] , while the C-mode is conserved outside the horizon and can be related to the gauge invariant curvature perturbation by ζ = −η − aHδ/(ρ/ρ) = −2C.
What is the relation with the null bulk velocity of CDM, θ c (τ ) = 0, found in the literature? Let us start with the fluid equations of CDM:
The superhorizon curvature perturbations, δ c = −1/2C(kτ ) 2 and h = C(kτ ) 2 in the radiation dominated era, set θ c = O(Ck 3 τ 2 ) from the equation of continuity (the first equation). However it does not satisfy the Euler equation (the second equation), which implies θ c ∝ 1/τ 2 . Therefore θ c (τ ) = 0 in the C-mode. In the B-mode, on the other hand, it is nonzero. It can be seen from eq. (11): θ = k 2 B/(6aHτ 2 ) ∝ 1/a. The choice of θ c (τ ) = 0 is equivalent with that of B = 0, eliminating one gauge degree of freedom.
How shall we take the initial condition in an interacting dark matter model like a CHAMP model considered in this paper? The fluid equations of the interacting dark matter are different from eq. (14) by the term like γa(θ r − θ i ) in the right hand side of the Euler equation. In the tight coupling limit γ/H ≫ 1, θ i = θ r is an approximate solution of the Euler equation. As we have seen, the gauge degrees of freedom are exhausted by setting A = B = 0. In the C-mode θ i = θ r = −C(k 4 τ 3 )/18, which satisfies the equation of continuity up to the leading order of kτ .
